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HIGHLIGHTS 


•  Porous  C03O4  nanoflake  arrays  film  is  studied  as  cathode  for  capacitor  in  2  M  KOH. 

•  The  porous  Co304  nanoflake  arrays  film  possesses  large  surface  area  (105  m2  g  1). 

•  Temperature  has  a  pronounced  influence  for  the  electrochemical  performance. 

•  Proposed  the  degradation  mechanism  of  the  Co304  nanoflake  arrays  film. 
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A  porous  C03O4  nanoflake  array  film  grown  on  nickel  foam  is  prepared  by  a  hydrothermal  synthesis  for 
pseudo-capacitor  application.  The  pseudocapacitive  behavior  of  the  C03O4  nanoflake  array  is  investigated 
by  cyclic  voltammograms  (CV),  galvanostatic  charge— discharge  tests  and  electrochemical  impedance 
spectroscopy  (EIS)  in  2  M  KOH  at  different  temperatures.  The  specific  capacity  is  210,  289  and  351  F  g-1  at 
2  A  g-1  tested  at  -5  °C,  25  °C  and  60  °C,  respectively,  corresponding  to  that  of  184,  243  and  242  F  g-1  at 
20  A  g-1.  After  4000  cycles  at  2  A  g-1,  the  remaining  specific  capacity  is  187,  342  and  124  F  g-1  tested  at 
-5  °C,  25  °C  and  60  °C.  It  shows  that  with  increasing  the  temperature  from  -5  °C  to  60  °C,  the  specific 
capacity  increases,  while  the  cycling  stability  becomes  worse.  The  operation  temperature  has  a  pro¬ 
nounced  influence  on  the  pseudocapacitive  performance  of  C03O4  nanoflake  array. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  capacitors  (ECs),  also  known  as  super¬ 
capacitors,  have  attracted  increased  interest  due  to  their  high  po¬ 
wer  density,  long  cycle  life  and  high  density.  As  one  of  emerging 
energy  storage  devices,  ECs  have  shown  the  potential  to  combine 
the  high  energy  density  of  batteries  and  the  power  density  of 
conventional  capacitors.  With  respect  to  the  charge-storage 
mechanism,  supercapacitors  are  divided  into  two  kinds:  electric 
double  layer  capacitor  (EDLC)  and  pseudo-capacitor  [1—5].  The 
EDLC  stores  energy  by  rapid  adsorption/desorption  of  electrolyte 
ions  on  high  specific  surface  area  electrode,  which  commonly  is 
carbon  materials.  While  in  the  pseudo-capacitor,  charge  is  stored 
and  released  in  a  Faradic  electron-transfer  process  of  metal  oxides/ 
hydroxides,  conducting  polymer  or  their  composites  [6,7]. 
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In  order  to  improve  the  specific  capacitance  of  pseudo-capacitor, 
metal  oxides,  such  as  RUO2  [8-11],  Mn02  [4,12-18],  C03O4  [19-26] 
and  NiO  [26-31  ],  have  been  attracted  extensively  study  due  to  their 
high  capacitances  which  are  several  times  larger  than  carbona¬ 
ceous  materials.  Synthesizing  high  specific  surface  area  materials 
with  different  nanostructure  to  improve  the  specific  capacitance  is 
one  of  the  most  important  and  useful  method.  For  example, 
nanowires  [32-35],  nanoflakes  [36-40  ,  and  core/shell  structure 
metal  oxides/hydroxides  [4,21,41-43]  have  been  reported.  Among 
the  explored  active  materials  of  ECs,  C03O4  is  one  of  particular  in¬ 
terest  owing  to  its  easy  availability,  cost  effectiveness,  and  good 
pseudo-capacitive  behavior.  Until  now,  there  has  been  a  variety  of 
reports  about  the  synthesis  of  different  C03O4  nanostructures  and 
their  application  in  pseudo-capacitors  [21,22,44,45].  Xia  et  al.  [21] 
reported  a  facile  hydrothermal  synthesis  for  the  large-area 
growth  of  self-supported  C03O4  nanowire  array.  The  hollow 
C03O4  nanowire  array  exhibits  superior  electrochemical  perfor¬ 
mance  with  high  specific  capacitances  (599  F  g'1  at  2  A  g-1  and 
439  F  g_1  at  40  A  g_1)  and  excellent  cycle  life.  Rao’  group  [45] 
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synthesized  ultralayered  C03O4  structures  with  high  porosity  by  a 
facile  homogeneous  precipitation  process  under  hydrothermal 
conditions.  The  as-prepared  material  is  capable  of  delivering  very 
high  specific  capacitance  of  548  F  g-1  at  8  A  g_1  and  retains  66%  of 
capacitance  at  32  A  g_1. 

Apart  from  the  electrode  materials,  electrolyte  is  also  one  of 
the  key  components  to  influence  the  electrochemical  perfor¬ 
mance  of  pseudo-capacitors  [46,47].  The  attainable  cell  voltage  of 
a  pseudo-capacitor  depends  upon  the  breakdown  voltage  of  the 
electrolyte,  and  hence  the  possible  energy  density  (which  is 
dependent  on  voltage)  is  limited  by  the  electrolyte.  Power  den¬ 
sity  depends  upon  the  equivalent  series  resistance  (ESR)  of  cell 
that  is  strongly  dependent  on  electrolyte  conductivity.  Aqueous 
electrolyte  is  extensively  used  because  of  its  low  cost  and  high 
conductivity;  especially  it  does  not  need  operation  in  dry  envi¬ 
ronment.  However,  in  consideration  of  the  freezing  and  boiling 
point  of  water,  operation  temperature  has  an  immediately  rele¬ 
vance  to  the  electrochemical  performance  [6,48].  Up  to  now, 
there  is  little  literature  on  the  pseudocapacitive  performance  of 
the  metal  oxides  employed  at  different  temperatures  with 
aqueous  electrolyte.  Besides,  our  group  has  studied  the  pseudo¬ 
capacitive  properties  of  porous  Co(OH)2  nanoflake  array  49] 
and  the  lithium  storage  performances  of  C03O4  nanoflake  array 
[50].  Herein,  the  pseudo-capacitive  behaviors  of  porous  C03O4 
nanoflake  array  as  a  pseudo-capacitor  cathode  are  investigated  at 
different  temperatures.  These  results  indicate  that  the  operation 
temperature  has  a  pronounced  influence  on  its  electrochemical 
performance. 


2.  Experimental 

Cobalt  nitrate  [Co(N03)2-6(H20)],  hexamethylenetetramine 
(C6Hi2N4)  and  potassium  hydroxide  were  of  analytical  grade  and 
used  without  further  purification.  All  aqueous  solutions  were 
freshly  prepared  with  deionized  water.  The  nickel  foam  substrate 
with  a  size  of  2  cm  x  3  cm  was  cleaned  ultrasonically  in  ethanol  for 
10  min.  Its  top  side  was  protected  from  solution  contamination  by 
uniformly  coating  with  a  polytetrafluoroethylene  tape.  The  reaction 
bath  for  the  deposition  of  Co(OH)2  precursor  contained  0.2  M 
Co(N03)2-6(H20),  and  0.1  M  C6Hi2N4.  The  cleaned  nickel  foam 
substrates  were  immersed  vertically  in  the  deposition  bath. 
Deposition  was  carried  out  at  100  °C  for  5  h.  After  the  deposition, 
the  precursor  films  were  washed  by  deionized  water  and  alcohol, 
dried  in  oven  at  60  °C,  and  then  heated  in  a  tube  furnace  at  250  °C 
for  2  h  in  flowing  argon  to  obtain  final  product  C03O4.  The  average 
loading  of  C03O4  is  determined  to  be  3.4  mg  cm-2,  which  is 
calculated  by  measuring  the  nickel  foam  substrate  before  and  after 
the  deposition  via  a  DENVER  TB-25  analytical  balance. 

The  structure  and  morphology  of  the  films  were  characterized 
by  X-ray  diffraction  (XRD,  PANalytical/X’Pert  PRO),  scanning  elec¬ 
tron  microscopy  (SEM,  Philips-FEI/SIRION-100),  X-ray  photoelec¬ 
tron  spectroscopy  (XPS,  PHI  5700)  and  transmission  electron 
microscopy  (TEM,  FEI  tecnai  G2  F20).  The  ionic  conductivity  of  2  M 
KOH  at  different  temperature  was  tested  by  Rex  portable  conduc¬ 
tivity  meter  (INESA  INSTRUMENT).  Electrochemical  measurements 
were  performed  on  a  CHI660e  electrochemical  workstation 
(Chenhua,  Shanghai)  in  a  three-electrode  electrochemical  cell 
containing  2  M  KOH  aqueous  electrolyte  at  different  temperatures, 
with  the  porous  C03O4  nanoflake  array  film  as  the  working  elec¬ 
trode,  Hg/HgO  as  the  reference  electrode  and  a  Pt  foil  as  the  counter 
electrode. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  as-prepared  nickel  foam 
supporting  films  before  and  after  heat  treatment.  Besides  the  three 
strong  peaks  from  the  Ni  foam  substrate,  all  the  diffraction  peaks  in 
pattern  (a)  correspond  to  well-crystallized  a-Co(OH)2  phase  (JCPDS 
74-1057).  In  pattern  (b),  the  diffraction  peaks  of  the  film  after  heat 
treatment  at  250  °C  can  be  well  indexed  to  a  pure  cubic  phase  of 
C03O4  with  Fd3m  space  group  (JCPDS  card  No.  43-1003). 

The  morphologies  of  C03O4  film  grown  on  Ni  foam  substrate  are 
shown  in  Fig.  2.  Notice  that  the  Ni  foam  substrate  is  uniformly 
covered  by  interconnected  C03O4  nanoflakes  (Fig.  2a).  These 
nanoflakes,  which  are  approximately  10  nm  in  thickness,  are 
generally  perpendicular  to  the  substrate  and  interconnected  with 
each  other,  forming  a  highly  open  net-structure  (Fig.  2b).  To  further 
characterize  the  C03O4  nanoflake,  the  sample  is  evaluated  by  TEM 


Fig.  2.  SEM  images  of  porous  C03O4  nanoflake  array. 
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Fig.  3.  (a)  TEM  image,  (b)  HRTEM  and  (c)  SAED  pattern  of  porous  Co304  nanoflake. 


(Fig.  3).  As  shown  in  Fig.  3a,  the  surface  of  the  C03O4  nanoflake  is 
basically  smooth.  The  C03O4  nanoflake  is  composed  by  numerous 
interconnect  nanoparticles  with  a  diameter  of  around  5  nm,  which 
is  confirmed  by  the  magnification  image  (Fig.  3b).  The  measured 
lattice  spacings  of  0.284  and  0.465  nm  are  in  good  agreement  with 


Binding  Energy(eV) 


B.E.(eV) 

Fig.  4.  XPS  spectra  for  Co  2p  (a)  and  0  1  s  (b)  of  porous  Co304  nanoflake  array. 


the  (220)  and  (111)  interplanar  distances  of  cubic  phase  of  C03O4, 
which  coincides  with  the  result  of  XRD.  Similar  result  is  obtained 
from  the  SAED  pattern  in  Fig.  3c.  The  FIRTEM  and  the  diffraction 
rings  in  the  SAED  pattern  indicate  that  the  C03O4  nanoflake  is 
polycrystalline  in  nature. 

The  chemical  composition  of  the  film  can  be  further  analyzed  by 
XPS.  Fig.  4a  shows  the  deconvoluted  Co  2p  spectrum.  Two  strong 
peaks  at  794.5  eV  for  Co  2pi/2  and  779.8  eV  for  Co  2p3/2  are 
observed.  The  XPS  spectrum  of  the  Co  2p  confirms  that  cobalt  exists 
in  the  form  of  C03O4.  The  Ols  peaks  at  529.5  and  531.3  eV  corre¬ 
spond  to  the  oxygen  species  in  C03O4  (Fig.  4b).  According  to  the  BET 
analysis,  the  specific  area  of  the  porous  nanoflake  array  is 
105  m2  g-1  (Fig.  5).  It  has  been  widely  confirmed  that  this  kind  of 
array  structure  can  absorb  and  strongly  retain  electrolyte  ions, 
ensuring  sufficient  Faradic  reactions,  especially  at  high  current 
densities. 

The  electrochemical  performances  of  the  C03O4  array  film  as  a 
pseudo-capacitor  electrode  are  investigated  by  CV,  EIS  and  galva- 
nostatic  charge/discharge  tests.  The  capacitance  characteristic  of 
the  C03O4  array  is  that  of  typical  pseudo-capacitance  arising  from 
reversible  surface  or  near-surface  Faradic  reactions  for  charge 


Fig.  5.  BET  measurements  of  porous  Co304  nanoflake  array. 
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Fig.  6.  (a)  CV  and  (b)  EIS  curves  of  porous  Co304  nanoflake  array  electrode  at  different 
temperatures  (equivalent  circuit  in  inset). 

storage.  Fig.  6a  shows  the  CV  curves  of  the  C03O4  array  at  a  scan  rate 
of  20  mV  s-1  at  different  temperatures.  When  tested  at  -5  °C  and 
25  °C,  two  typical  redox  couples  are  noticed  in  the  CV  curves.  The 
first  redox  couple  A1/C1  is  attributed  to  the  conversion  between 
C03O4  and  CoOOH,  expressed  as  follows: 

C03O4  +  OH  +  H20  <-►  CoOOH  +  e“  (1) 

The  second  redox  couple  A 2/C2  corresponds  to  the  reversible 
reaction  between  CoOOH  and  Co02,  represented  by  the  following 
reaction: 

CoOOH  +  OH”  <-►  Co02  +  H20  +  e“  (2) 

With  increasing  the  operation  temperature,  Ai  and  A2  move 
towards  each  other.  As  the  temperature  increases  to  60  °C,  they 
combine  into  one  peak.  This  phenomenon  is  probably  mainly  due 
to  the  more  electrode  materials  taking  part  in  reaction  with  the 
increase  of  the  operating  temperature.  When  A2  process  starts,  Ai 
hasn’t  finished  yet.  So  they  combine  into  one  peak.  The  curve  at 
25  °C  also  shows  that  the  two  peaks  are  closer  with  each  other 
compared  with  that  at  -5  °C.  And  both  the  oxidation  peaks  move  to 
low  potential  when  the  operation  temperature  increases.  As  shown 
in  the  CV  curves,  the  reaction  range  at  60  °C  is  0-0.5  V  rather  than 
0-0.55  V  which  is  the  reaction  range  at  -5  °C  and  25  °C.  In 


Table  1 

EIS  parameters  of  Co304  array  electrode  at  different  temperatures. 


Temperature 

Rs/Q 

Kct/n 

-5  °C 

0.958 

2.822 

25  °C 

0.833 

1.909 

60  °C 

0.783 

1.313 

Fig.  7.  The  first  discharge  curves  of  porous  Co304  nanoflake  array  at:  (a)  -5  °C,  (b) 
25  °C,  (c)  60  °C;  (d)  specific  capacity  of  porous  Co304  nanoflake  array  at  different 
temperatures. 


addition,  the  higher  the  temperature  is,  the  higher  the  peak  current 
density  is,  indicating  higher  electrochemical  activity  and  more 
active  materials  participating  in  the  redox  reaction.  It  is  suggested 
that  the  operation  temperature  has  an  obvious  influence  on  the 
electrochemical  reaction. 

The  detailed  characteristics  of  a  capacitive  electrode  can  be 
analyzed  by  EIS  using  a  Nyquist  plot,  which  represents  the  imagi¬ 
nary  part  (Z")  and  real  part  (7!)  of  impedance  [38].  The  Nyquist  plots 
of  the  C03O4  array  electrode  at  different  temperatures  are  pre¬ 
sented  in  Fig.  6b.  The  impedance  spectra  are  almost  similar  in 
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Fig.  8.  Cycling  performances  of  porous  Co304  nanoflake  arrays  at  a  current  density  of 
2  A  g-1  at  different  temperatures. 

shape,  which  consist  of  a  depressed  arc  in  high  frequency  regions 
and  a  straight  arc  in  low  frequency  regions.  Such  a  plot  can  be  fitted 
by  an  equivalent  circuit  for  impedance  analysis,  and  is  shown  in  the 
inset  of  Fig.  6b,  where  Rs  represents  solution  resistance  of  the 
electrochemical  system,  Cdi  and  Cf  is  a  double  layer  capacitor  and  a 
Faradaic  pseudocapacitor,  respectively;  W  is  Warburg  impedance, 
and  Rct  represents  Faradaic  interfacial  charge  transfer  resistance. 
The  solution  resistance  Rs  and  the  charge  transfer  resistance  Rc t  can 
be  obtained  from  the  Nyquist  plot,  where  the  high  frequency 
semicircle  intercepts  the  real  axis  at  Rs  and  ( Rs  +  Rct),  respectively. 
These  parameters  are  calculated  by  ZView  software  and  listed  in 
Table  1.  It  is  noticed  that  both  Rs  and  Rct  decrease  with  the  operation 
temperature.  The  result  has  the  same  tendency  with  the  ionic 
conductivity  of  KOH  electrolyte  that  is  85.9, 33.9  and  19.63  ms  cm-1 
at  -5  °C,  25  °C  and  60  °C,  respectively.  Increasing  the  conductivity 
of  electrolyte  facilitates  the  migration  of  ions  towards  the  electrode 
materials.  And  decreasing  the  charge  transfer  resistance  Rct  accel¬ 
erates  the  movement  of  charge  inner  the  C03O4  array  electrode. 

Fig.  7a— c  shows  the  first  charge-discharge  profiles  of  the 
porous  C03O4  nanoflake  array  electrode  at  a  galvanostatic  current 
density  of  2  A  g-1  at  -5  °C,  25  °C  and  60  °C,  respectively.  The  shape 
of  the  charge/discharge  curves  presents  typical  pseudocapacitive 


behavior  and  is  in  agreement  with  the  CV  results.  The  porous 
nanoflake  array  exhibits  a  specific  capacitance  of  217,  210,  202, 194 
and  184  F  g_1  at  1,  2, 4, 10  and  20  A  g_1  at  -5  °C;  291,  289,  277,  263 
and  243  F  g-'  at  1,  2,  4, 10,  and  20  A  g"1  at  25  °C;  369, 351,  281,  264 
and  242  F  g-1  at  1,  2,  4, 10  and  20  A  g-1  at  60  °C,  respectively.  As 
expected,  it  shows  an  increase  in  capacitance  at  elevated  temper¬ 
ature.  It  is  also  noticed  that  with  increasing  the  discharge  current 
density,  the  specific  capacitance  of  the  capacitor  decreases  expo¬ 
nentially  at  elevated  temperature.  As  the  current  density  increases 
above  2  A  g-1,  there  is  no  much  difference  of  the  specific  capaci¬ 
tances  porous  C03O4  nanoflake  array  at  25  °C  and  60  °C.  This 
phenomenon  may  be  attributed  to  the  amount  of  C03O4  that  take 
part  in  the  redox  reaction.  Increasing  current  density,  ions  do  not 
have  enough  time  to  migrate  to  the  active  materials,  and  then  in 
turn  decreases  the  capacitance.  At  -5  °C,  there  are  only  those  outer 
layer  atoms  in  the  nanoflake  participating  in  the  reaction,  so  the 
current  density  has  a  weak  influence  on  the  specific  capacitance. 
While  at  elevated  temperature,  the  inner  atoms  also  tale  part  in  the 
redox  reaction.  But  the  inner  materials  have  no  time  to  react  as  the 
current  density  increases.  The  temperature  behaviors  in  this  work 
are  agreement  with  that  of  solid  polymer  electrolyte  [47]. 

Fig.  8  shows  the  cycling  characteristics  of  the  porous  C03O4  array 
electrode  at  a  charge-discharge  current  density  of  2  A  g_1  at  three 
different  temperatures.  Upon  initial  cycling,  the  discharge  pseu¬ 
docapacitance  of  the  C03O4  array  electrode  at  25  °C  and  60  °C  in¬ 
crease  gradually,  i.e.  the  activation  process.  For  that  at  60  °C,  the 
discharge  capacity  decreases  quickly  after  a  momentary  increase 
and  it  is  only  124  F  g_1  remaining  after  4000  cycles.  At  25  °C,  the 
specific  capacity  of  the  C03O4  array  electrode  increases  slowly  and 
then  keeps  a  gentle  decrease;  it  still  exhibits  a  specific  capacity  of 
342  F  g'1  after  4000  cycles.  While  the  electrode  tested  at  -5  °C, 
there  is  almost  no  activation  process  and  the  specific  capacity  is 
187  F  g^1  after  the  cycling  test.  This  phenomenon  is  in  agreement 
with  the  SEM  morphologies  of  the  C03O4  arrays  after  4000  cycles  as 
shown  in  Fig.  9.  The  SEM  images  indicate  that  with  increasing  the 
operation  temperature,  the  change  of  the  morphology  is  more 
obvious.  Fig.  9a  shows  the  morphology  of  the  C03O4  array  after 
cycling  at  -5  °C.  It  has  nearly  no  difference  with  that  before  cycling 


Fig.  9.  SEM  images  of  porous  Co304  nanoflake  arrays  after  4000  cycles  operated  at  different  temperatures. 
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Fig.  10.  Schematic  degradation  mechanism  of  the  porous  Co304  nanoflake  array. 

as  shown  in  Fig.  2.  When  tested  at  25  °C,  the  surface  is  no  longer 
smooth  as  that  of  the  prime  C03O4  nanoflake  array  and  there  are 
many  nanoparticles  appeared  at  the  edge  of  the  nanoflakes 
(Fig.  9b).  Among  the  three  tested  electrodes,  changes  of  the  nano¬ 
flakes  at  60  °C  are  the  most  obvious.  The  nanoflakes  are  warping 
and  many  nanoparticles  on  the  edges  are  exfoliated  (Fig.  9c). 

To  explain  the  above  electrochemical  performance,  herein  we 
propose  a  schematic  degradation  mechanism  of  the  C03O4  nano¬ 
flake  array  shown  in  Fig.  10.  As  the  kinetic  energy  of  the  migrating 
ions  increases  with  the  operation  temperature  and  the  diffusion  of 
ions  into  micropores  of  C03O4  electrode  may  be  easier  and  hence 
the  formation  of  the  reaction  layer  will  be  more  pronounced.  This 
can  result  in  higher  capacitance  at  elevated  temperature.  As  the 
current  density  increases,  the  C03O4  that  takes  part  in  the  redox 
reaction  decreases  due  to  the  limit  of  ion  diffusion  rate.  This  ex¬ 
plains  when  the  current  density  increases  to  4  A  g_1,  the  specific 
capacity  has  nearly  no  difference  with  that  of  25  °C  and  60  °C. 
However,  at  -5  °C,  the  pseudo-capacitive  reaction  only  occurs  in 
the  surface  layer  of  C03O4  nanoflakes,  the  operation  temperature 
has  little  influence  on  the  rate  performance.  Due  to  the  volume 
expansion  and  the  oxygen  bubble  striking  during  cycling  process, 
the  nanoflake  array  structure  has  certain  extent  damage  after 
cycling.  The  higher  the  temperature  is,  the  more  the  Co304  nano¬ 
flakes  take  part  in  the  pseduo-capacitive  reaction,  which  leading  to 
more  serious  volume  changes.  In  addition,  as  shown  in  Fig.  6a,  the 
oxidation  peak  moves  towards  lower  potential  as  the  operation 
temperature  increases.  Both  of  the  above  factors  may  explain  the 
cycling  performance  of  the  porous  C03O4  nanoflake  array  electrode. 

4.  Conclusions 

In  summary,  a  porous  C03O4  nanoflake  array  was  fabricated  on 
the  Ni  foam  substrate  as  an  interesting  material  for  pseudocapa¬ 
citors.  The  operation  temperature  has  pronounced  influence  on  the 
electrochemical  performance.  It  shows  higher  specific  capacity 
while  bad  cycling  performance  at  60  °C.  On  the  opposite,  at  -5  °C, 
although  the  specific  capacity  is  not  very  high,  the  cycling  perfor¬ 
mance  is  excellent.  It  is  believed  that  the  above  conclusions  offer 
certain  guidance  for  the  metal  oxide  pseduocapacitive  reaction  in 
water-based  electrolyte. 
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